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they	 occur.	With	 the	 uncertainty	 surrounding	 the	 future	 of	 coral	 reefs	 in	 the	
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1  | INTRODUC TION
Under	 the	 pressure	 of	 global	 and	 local	 stressors,	 it	 is	 increasingly	
likely	 that	 tropical	 coral	 reefs	 of	 the	 future	will	 be	 different	 from	
those	documented	in	the	recent	past	(Hughes	et	al.,	2017).	Stressors	
include	marine	 heatwaves,	 ocean	 acidification,	 over‐fishing,	 pollu-
tion	and	physical	damage,	which	each	interacts	and	selects	for	dif-
ferent	 response	 traits	 within	 the	 coral	 assemblage	 (Ban,	 Graham,	
&	Connolly,	2014;	Hughes	et	al.,	2018).	For	example,	some	species	









Lokrantz,	 &	 Folke,	 2009),	 other	 reef	 ecosystems	 will	 continue	 to	
be	dominated	by	calcifying	organisms	and	will	be	characterized	by	
a	different	set	of	structures	and	functions	(Alvarez‐Filip,	Carricart‐
Ganivet,	 Horta‐Puga,	 &	 Iglesias‐Prieto,	 2013).	 Understanding	 and	
predicting	future	configurations	of	reef	organisms	and	the	functions	
they	 provide	 is	 highly	 challenging,	 especially	 as	 these	may	 be	 in-
creasingly	decoupled	from	underlying	natural	biophysical	processes	
(Williams,	Gove,	Eynaud,	Zgliczynski,	&	Sandin,	2015).
Reef	 ecosystem	 functioning	 is	 connected	 to	 the	well‐being	 of	
millions	 of	 people	who	 directly	 or	 indirectly	 benefit	 from	 tropical	
corals	reefs	(Moberg	&	Folke,	1999).	These	benefits,	or	ecosystem	
services,	are	often	grouped	under	provisioning	(defined	as	the	prod-
ucts	 obtained	 from	ecosystems),	 regulating	 (the	 benefits	 resulting	
from	the	 regulation	of	ecosystem	processes),	 cultural	 (encompass-
ing	 cognitive	 and	 experiential	 benefits)	 and	 supporting	 services	
(services	 that	 underpin	 the	 provision	 of	 other	 services)	 (MEA,	
2005).	Despite	over	three	decades	of	research	into	ecosystem	ser-
vices,	we	continue	to	have	a	poor	understanding	of	how	ecosystem	
structures	 and	 functions	 underpin	 the	 capacity	 of	 coral	 reefs	 to	
provide	 services.	 For	 example,	 declines	 in	 the	 structural	 complex-
ity	of	reef	habitat	are	often	linked	to	changes	in	fish	communities,	





and	 services	may	 therefore	 be	more	 complex	 than	 originally	 sug-
gested	(Daw	et	al.,	2016).
The	 Anthropocene	 signifies	 a	 time	 in	 which	 human	 activities	
are	the	principal	drivers	of	change	across	scales	(Steffen,	Grinevald,	
Crutzen,	&	McNeill,	2011).	This	presents	a	challenge	for	ecological	
research	 that	 must	 actively	 engage	 in	 understanding	 the	 human	
dimensions	 of	 coral	 reefs	 and	 the	 feedbacks	 between	 social	 and	
ecological	systems	(Williams	et	al.,	2019).	Understanding	these	rela-
tionships	has	important	ramifications	both	for	future	well‐being	and	





ecology	 to	 propose	 a	 mechanistic	 basis	 for	 connecting	 between	
changes	in	reef	functions	and	services.	Finally,	we	reflect	on	whether	
novel	reef	ecosystems	could	also	result	in	novel	ecosystem	services.
2  | ECOSYSTEM SERVICES FROM TOPIC AL 
COR AL REEFS





include	 coastal	 protection	 (Ferrario	 et	 al.,	 2014).	Other	 provision-
ing	services	include	aquarium	fish	and	building	materials	that	come	
from	 reefs	 (Albert,	Olds,	 Albert,	 Cruz‐Trinidad,	 &	 Schwarz,	 2015).	
Reefs	also	underpin	a	number	of	other	important	regulating	services	
such	as	 the	generation	of	 sand	 (Perry,	Kench,	O'Leary,	Morgan,	&	
Januchowski‐Hartley,	2015)	and	the	processing	of	nutrients	(Archer,	
Stevens,	 Rossi,	 Matterson,	 &	 Layman,	 2017).	 Many	 of	 these	 ser-
vice	 groups	 are	 inter‐related;	 for	 example,	 the	 presence	 of	 white	
sands	generated	by	reef	processes	is	closely	linked	to	reef	tourism	





&	Bach,	 2016).	 Supporting	 services	 include	 important	 habitat	 and	
biodiversity	services	for	the	reef	and	adjoining	ecosystems	 (Fisher	
et	al.,	2015;	Gillis	et	al.,	2014)	 that	 indirectly	contribute	 to	human	
Anthropocene,	research	exploring	how	the	benefits	to	people	change	will	be	of	
great	importance.
K E Y W O R D S
co‐production,	functional	space,	functions,	novel	ecosystems,	service	provider,	social–
ecological	systems,	traits,	well‐being
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well‐being,	but	are	challenging	to	capture	in	terms	of	their	independ-
ent	service	value	(Hicks,	2011).
Moberg	 and	Folke	 (1999)’s	 paper	 is	 one	of	 the	 earliest	 efforts	
to	identify	and	categorize	ecological	goods	and	services	from	coral	





of	 reef	 structures	 and	 functions	 in	 the	 context	 of	 environmental	











not	 all	 stakeholders	 benefit	 equally	 from	ecosystem	 services,	 and	
that	 variables	 such	 as	 formal	 education,	 gender,	 and	 rural	 versus	
urban	livelihoods	can	be	key	factors	influencing	the	access	of	indi-
viduals	or	groups	 to	ecosystem	services	 (Felipe‐Lucia	et	 al.,	 2015;	
Martin‐Lopez	et	al.,	2012).	Furthermore,	science–policy	arenas	such	
as	 the	 Intergovernmental	 Science‐Policy	 Platform	 on	 Biodiversity	
and	 Ecosystem	 Services	 (IPBES)—and	 specifically	 its	 thematic	 as-
sessment	 of	 pollinators,	 pollination	 and	 food	 production—are	 pi-






that	 services	 are	 inherently	 social	 and	 ecological	 but	 ultimately	







2017).	 For	 instance,	 activities	 that	 can	 take	 place	 in	 marine	 and	













fect	 the	perception	of	 services,	 then	 an	 approach	 that	 recognizes	
services	 as	 co‐produced	 from	 social	 and	 ecological	 systems	 could	
provide	analytical	tools	for	connecting	changing	ecosystems,	chang-
ing	services	and	future	reef	functions.	Few	studies	to	date,	however,	
have	 fully	 explored	 what	 the	 co‐production	 of	 services	 on	 reefs	
would	look	like.
Ecosystem	services	 research	continues	 to	develop,	with	active	
discussion	ongoing	 as	 to	 its	 future	 direction	 (Braat,	 2018;	Díaz	 et	
al.,	 2018;	 Peterson	 et	 al.,	 2018).	 Similarly,	 in	 coral	 reef	 ecosystem	
services	research	there	is	no	one	conceptual	or	methodological	lead-
ing	edge.	Publications	from	2018	encompassed	work	on	changes	in	
ecosystem	 service	 provision	 (Reguero,	 Beck,	 Agostini,	 Kramer,	 &	
Hancock,	2018),	 economic	 assessments	of	 services	 (Robles‐Zavala	
&	Reynoso,	2018),	patterns	and	preferences	across	service	benefi-
ciaries	(Lau,	Hicks,	Gurney,	&	Cinner,	2018)	and	the	use	of	services	




to	 be	 the	 same	 as	 those	 seen	 in	 recent	 times	 (Graham,	 Cinner,	




3  | A MECHANISTIC APPROACH TO 
SERVICE PROVISION
Trait‐based	 approaches	 are	 increasingly	 used	 to	 understand	 the	
mechanistic	 basis	 of	 ecosystem	 service	 provision	 (Harrison	 et	 al.,	
2014).	 Functional	 traits	 are	 broadly	 defined	 as	 measurable	 char-
acteristics	 of	 an	 organism	 that	 contribute	 to	 ecosystem	 function-






it	 is	 possible	 to	map	 out	 relationships	 between	 drivers	 of	 change	






mechanistic	 approach	 to	 reflect	 the	 co‐production	 of	 ecosystem	
services	could	provide	a	useful	tool	to	understand	the	impact	of	on-
going	and	future	disturbances	to	reef	ecosystem	services.
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If	 services	are	co‐produced	between	ecological	and	social	 sys-
tems,	 then	 the	 ecological	 units	 that	 underpin	 services,	 known	 as	
service	providers,	should	be	defined	in	relation	to	the	needs,	wants	
and	aspirations	of	beneficiaries	 (Luck	et	al.,	2009).	 Identifying	ser-
vice	 providers	 as	 distinct	 from	 wider	 ecosystem	 functioning	 res-
onates	with	 previous	 findings	 that	 proxies	 of	 ecological	 condition	
and	proxies	of	ecosystem	service	provision	from	reefs	do	not	always	
overlap	(Mumby	et	al.,	2008).	Specific	characteristics	 (i.e.	traits)	of	
service	 providers	 determine	 the	 relationships	 between	 providers	
and	the	services	that	they	underpin.	Importantly,	service	providers	
could	be	a	population	of	a	species,	multispecies	groups,	functional	
groups,	 communities	and	habitats	 (Luck	et	 al.,	 2009).	Moreover,	 if	
services	 are	 born	out	 of	 interactions	within	 coral	 reef	 social–eco-







maintained,	 they	 became	 more	 spatially	 and	 temporally	 variable	
linked	to	habitat	associations	when	resources	are	patchy	(Robinson	
et	al.,	2019).	This	potentially	exposes	fishers	and	markets	to	greater	
uncertainty.	By	acknowledging	 the	 traits	of	 service	providers	 that	
are	relevant	to	service	beneficiaries	(here	the	identity,	biomass	and	
predictability	of	the	reef	fish	assemblage;	Rogers,	2019),	a	more	ho-




functional	 roles	 remains	 challenging	 (Bellwood,	 Streit,	 Brandl,	 &	
Tebbett,	2019).	Similarly	therefore,	methods	that	adopt	a	trait‐based	
approach	 can	 be	 applied	 to	 develop	 a	mechanistic	 understanding	
of	the	links	between	disturbances	and	service	provision.	For	exam-
ple,	 tools	 such	as	a	multivariate	 functional	 space	could	be	applied	
to	 understand	 the	 mechanisms	 through	 which	 disturbances	 act	
on	ecosystem	services.	A	functional	space	is	defined	as	“a	multidi-
mensional	 space,	where	 the	axes	are	 functional	 traits	along	which	
species	are	placed	according	to	their	functional	trait	values”	(p.167,	
Mouillot,	Graham,	Villeger,	Mason,	&	Bellwood,	2013).	A	similar	mul-
tidimensional	 space,	where	 the	 axes	 are	 the	 traits	 of	 service	 pro-
viders	along	which	ecosystem	services	are	placed,	could	be	used	to	
map	the	response	of	services	to	disturbances	(Figure	1).	Axes	may	
also	 represent	 synthetic	 traits	 that	 through	 ordination	 techniques	
summarize	the	relative	contribution	of	multiple	traits	that	underpin	
service	provision.
In	 identifying	 traits	of	service	providers	 that	are	socially	and	
ecologically	significant,	 it	may	be	possible	 to	determine	relevant	
thresholds	 below	which	 a	 reef's	 potential	 to	 provide	 services	 is	
lost	(Figure	1).	For	example,	Shideler	and	Pierce	(2016)	found	that	
divers	who	visited	Florida	during	Epinephelus itajara	 (Atlantic	go-
liath	 grouper)	 spawning	 season	 had	 a	 strong	 preference	 for	 go-
liath	grouper	sightings	and	 that	abundance	had	a	positive	effect	
on	 divers’	 willingness	 to	 pay	 to	 see	 them.	 Goliath	 groupers	 are	
a	 protected	 species	 in	 Florida,	 and	 the	 value	 of	 goliath	 grouper	
to	 dive	 tourism	 operators	 is	 likely	 to	 diminish	 if	 goliath	 grouper	
numbers	decrease	(Shideler	&	Pierce,	2016).	The	threshold	value	
below	which	 this	 ecosystem	service	 is	no	 longer	provided	 is	 set	
by	 the	 expectations	 of	 the	 tourists.	 A	 service	 could	 therefore	
be	 lost	from	an	ecosystem	even	 if	 the	service	provider,	here	the	
local	population	of	goliath	groupers,	persists.	Of	course,	popula-













disturbed	 or	 degraded	 reefs,	 particularly	 when	 considering	 that	
alternate	 benthic	 states	 also	 support	 relevant	 service	 providers	
(Fulton	et	 al.,	2019).	These	examples	 illustrate	 that	 relationships	
between	ecological	change	and	services	are	highly	nonlinear	(Daw	
et	al.,	2016),	which	is	significant	when	anticipating	future	changes	
in	 services	 and	 peoples’	 response.	 An	 example	 at	 the	 local	 reef	
scale	might	include	fish	feeding,	used	to	enhance	tourism	services,	
but	which	can	result	in	changes	in	fish	behaviour	and	distribution	
(De	 Paula,	 Schiavetti,	 Sampaio,	 &	 Calderon,	 2018).	 However,	 it	
is	 increasingly	 important	 that	changes	 in	ecosystem	services	are	
considered	within	an	 inter‐connected	planet,	 as	 changes	 in	 local	
service	 provision	may	 result	 in	 an	 increased	 reliance	 on	 service	




fishers,	 new	 livelihood	 opportunities,	 and	 changes	 in	 resource	
use	and	institutional	power	dynamics	(Kaplan‐Hallam,	Bennett,	&	
Satterfield,	2017).
Gathering	 evidence	 for	 traits	 that	 are	 socially	 and	 ecologically	
relevant	 to	 service	 provision	will	 require	 a	 broad	 transdisciplinary	
approach.	Returning	to	the	goliath	grouper	example	in	Florida,	divers	
have	a	predominantly	positive	interaction	with	this	species	whereas	
recreational	 fishers	 may	 have	 negative	 perceptions	 that	 groupers	
are	over‐predating	other	reef	species	(Shideler	&	Pierce,	2016).	The	
relationships	 between	 goliath	 grouper	 abundance	 and	 the	 provi-
sioning	of	two	recreational	services	could	therefore	be	very	differ-




derstood	 that	 the	 traits	of	 service	providers	may	be	connected	 in	
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multiple	ways	to	multiple	services	(Hevia	et	al.,	2017),	and	that	there	
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hard	corals	are	encroaching	on	temperate	reefs	at	a	rate	of	14	km	a	
year,	Nakamura,	Feary,	Kanda,	 and	Yamaoka	 (2013)	 suggest	 tropi-
calization	may	benefit	 local	dive	tourism	and	fisheries	productivity	
(Figure	 2).	Of	 course,	 species	 incursions	 into	 temperate	 areas	will	
alter	 ecosystem	 functioning	 of	 temperate	 habitats	 and	 potentially	
the	pre‐existing	services	they	generated	(Vergés	et	al.,	2019).







Examples of traits likely to 
underpin service provision
Importance of social–ecological 
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Reefs	 underpin	 services	 within	 a	 matrix	 of	 habitats	 (Guannel,	
Arkema,	 Ruggiero,	 &	 Verutes,	 2016),	 which	 are	 also	 under	 pres-








of	 important	 fishery	value	 (Fulton	et	al.,	2019).	Macroalgae	on	 re-
gime‐shifted	 reefs	 can	 also	 support	herbivores,	which	 can	 sustain	
substantial	 fishery	yields	 (Robinson	et	al.,	2019;	Figure	2).	Further	
work	is	needed	to	understand	the	longevity	of	interactions	that	pro-
duce	 services	 on	 altered	 reefs	 (Rogers	 et	 al.,	 2018)	 and	 to	 under-
stand	what	services	could	occur	from	structurally	and	functionally	
different	reefs	interacting	with	modified	nearshore	environments.










virtually	 (XL	Catlin	Seaview	Survey,	2015)	 (Figure	2).	These	 changes	
can	connect	reefs	to	much	broader	audiences,	who	are	not	traditionally	
considered	as	benefitting	from	reef	ecosystems	(Gurney	et	al.,	2017).
Finally,	 novelty	 could	 come	 from	 changes	 in	 the	 well‐being	
of	 people	 who	 benefit	 from	 reef	 ecosystems.	 Ecosystems	 and	
well‐being	 are	 both	 multidimensional,	 and	 there	 is	 the	 possibil-
ity	 for	mismatches	between	ecological	 and	well‐being	outcomes	
(Abunge,	 Coulthard,	 &	 Daw,	 2013).	 Though	 connected	 through	












Research	 approaches	 that	 can	 incorporate	 the	 social–eco-
logical	 dynamics	 of	 reefs	 are	 increasingly	 seen	 as	 essential	 for	
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understanding	 reef	 futures	 in	 the	Anthropocene	 (Williams	et	al.,	
2019).	However,	explicitly	engaging	with	the	reciprocal	nature	of	
coral	reef	ecosystem	services	remains	a	challenge	(Bennett	et	al.,	
2015).	 To	 address	 this,	 we	 draw	 on	 conceptual	 advances	 in	 the	
field	 of	 ecosystem	 services	 research	 and	 tools	 from	 functional	
ecology	 to	 propose	 an	 approach	 that	 recognizes	 the	 co‐produc-
tion	of	 services	 from	 interactions	between	 social	 and	ecological	
systems.	 Using	 this	 framework,	 we	 can	 begin	 to	 identify	 traits	
that	 are	 socially	 and	 ecologically	 relevant	 for	 service	 provision	
(Table	2),	 and	 to	 connect	 these	 traits	 to	disturbances	 (Figure	1).	
Reflecting	more	broadly	on	the	co‐production	of	services	 incen-




ple	 that	coral	 reef	 fisheries	 in	 some	 tropical	Pacific	countries	will	




ecosystem	services	 (Bellwood	et	 al.,	 2019;	Carturan	et	 al.,	 2018),	





therefore	be	 incorporated	 into	wider	 research	on	who	 is	perceiv-
ing	 these	 services	 (Fortnam	 et	 al.,	 2019),	whilst	 cognizant	 of	 the	
fact	 that	 the	 relationships	 between	 people	 and	 the	 environment	
can	 change	 independent	 of	 reef	 condition	 (Turner	 et	 al.,	 2007).	
Nonetheless,	 embracing	 a	 broader	 understanding	 coral	 reef	 eco-
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